The companion to the G0V star HR7672 directly imaged by Liu et al. (2002) has moved measurably along its orbit since the discovery epoch, making it possible to determine its dynamical properties. Originally targeted with adaptive optics because it showed a long-term radial velocity acceleration (trend), we have monitored this star with precise Doppler measurements and have now established a 24 year time baseline. The radial velocity variations show significant curvature (change in the acceleration) including an inflection point. We have also obtained a recent image of HR7672B with NIRC2 at Keck. The astrometry also shows curvature. In this paper, we use jointly-fitted Doppler and astrometric models to calculate the three-dimensional orbit and dynamical mass of the companion. The mass of the host star is determined using a direct radius measurement from CHARA interferometry in combination with high resolution spectroscopic modeling. We find that HR7672B has a highly eccentric, e = 0.50 −3.1 M J at the 68.2% confidence level. HR7672B thus resides near the substellar boundary, just below the hydrogen-fusing limit. These measurements of the companion mass are independent of its brightness and spectrum and establish HR7672B as a rare and precious "benchmark" brown dwarf with a well-determined mass, age, and metallicity essential for testing theoretical evolutionary models and synthetic spectral models. It is presently the only directly imaged L,T,Y-dwarf known to produce an RV trend around a solar-type star.
INTRODUCTION
Brown dwarfs have complicated atmospheres. Unlike stars, for which it is possible to infer bulk physical properties from spectra alone, the emergent radiation from substellar objects is currently not well understood (e.g., Cushing et al. 2008 ). More than a decade following the direct detection partment of Physics and Astronomy, Georgia State University, Atlanta, GA 30302 8 Hubble Fellow 9 Sagan Fellow of the first L and T dwarfs (Becklin and Zuckerman 1988; Nakajima et al. 1995; Oppenheimer et al. 1995; Rebolo et al. 1995; Basri et al. 1996; Kirkpatrick et al. 1999b) , and now faced with the recent detection of the first Y dwarfs Liu et al. 2011; Luhman et al. 2011) , theoretical spectral models are still undergoing major developments as they presently do not capture all of the relevant physics involved in shaping the spectra of cold bodies (Allard et al. 1997; Marley et al. 2002; Baraffe et al. 2003; Burrows et al. 2006; Saumon and Marley 2008) .
Factors that complicate the interpretation of brown dwarf spectra include the necessity to simultaneously model: the opacity of molecular species having millions of absorption lines, which results in an ill-defined continuum; the formation and settling of dust grains; non-equilibrium chemistry resulting from convective mixing; and temporal changes from weather patterns, among other phenomena (Cushing et al. 2008; Marley et al. 2010) . Furthermore, the basic model input parameters, such as mass, radius, age, metallicity, and effective temperature, are often degenerate with one another, particularly for the faintest objects for which only broadband photometry or low resolution spectroscopy are available (Dupuy et al. 2009a; Janson et al. 2011; Galicher et al. 2011) . In order to improve our understanding of low temperature atmospheres and guide the development of more sophisticated models, it is necessary to measure one or more of these physical properties independently of spectra and photometry. Substellar companions found orbiting nearby stars serve as useful laboratories for calibrating theoretical models. Properties of the host star are more readily measured and may be used to infer properties of the companion, such as chemical composition or possibly age, under the assumption that the star and brown dwarf formed from the same material at the same time (Pinfield et al. 2006) . A number of these "benchmark" systems have recently been discovered (Lane et al. 2001; Close et al. 2005; Liu et al. 2007; Ireland et al. 2008; Dupuy et al. 2009a; Bowler et al. 2009; Biller et al. 2010; Wahhaj et al. 2011) .
It is also possible to measure the mass of brown dwarfs (and extrasolar planets) using orbital dynamics. This has been accomplished in the past using the transit technique in combination with Doppler radial velocity (RV) observations (Stassun et al. 2006; Johnson et al. 2011a) . However, substellar companions with large semimajor axes and proximate distances may be imaged directly (spatially resolved from their host) using adaptive optics (AO) and highcontrast imaging technology (Marois et al. 2006; Oppenheimer and Hinkley 2009; Absil and Mawet 2010; Crepp et al. 2011 ). The companion skyprojected orbit can then be traced by measuring its position relative to the star over multiple epochs. This type of astrometry has been used for decades to characterize the orbits of binary stars (Aitken 1919) and is significantly easier to realize in practice compared to monitoring the "wobble" of a star in the sky relative to an inertial reference grid with < 0.1 mas accuracy.
If Doppler measurements of the primary star are also obtained over a comparable time baseline, one can construct a three-dimensional orbit. Since the astrometry breaks the sin(i) inclination degeneracy resulting from RV measurements alone, a Keplerian model that self-consistently combines both data sets provides an estimate of the companion true mass (e.g., Boden et al. 2006) . Knowing the mass of non-hydrogen-fusing objects is crucial because it governs their luminosity evolution in time (Stevenson 1991; Burrows et al. 1997) .
It is commonly thought that the long orbital periods of wide-separation companions prohibits the calculation of dynamical masses. However, those with semimajor axes as large as a ≈ 30 AU orbiting nearby (d 100 pc) stars may be characterized in several years to tens of years, because the size of the astrometric uncertainties are ∼1-2 orders of magnitude smaller than the size of the orbit on the sky (thanks in part to the recent miniaturization in the physical size of detector pixels). Orbital solutions converge when both the astrometry and RVs become "unique", which generally corresponds to showing curvature or a change in the acceleration (also known as the "jerk").
1 With accuracies of ≈ 10 mas (e.g., Lu et al. (2009) for analysis of an equivalent problem involving stars orbiting the supermassive black hole in the center of the Galaxy. The orbits are well-characterized even though the periods are of order thousands of years. Likewise, the orbits of comets residing in the outer solar system may be determined with a time baseline of only several days (Bernstein and Khushalani 2000) .
the size of a pixel in the NIRC2 camera at Keck -PI: Keith Matthews), it is possible to calculate the inclination, as well as other parameters, in only several tenths of an orbital phase wrap (tens of degrees change in the true anomaly) depending on the orbit orientation and observing dates (Konopacky et al. 2010; Currie et al. 2011; Dupuy and Liu 2011) . The constraints become tighter with time as the companion executes its motion along the ellipse. A natural method to identify promising highcontrast imaging targets is to select stars that show long-term Doppler accelerations (trends). This approach is convenient because RV programs have now established time baselines exceeding a decade. For example, the L4.5±1.5 dwarf companion to HR7672 (=Gl 779, =HD190406) was discovered by Liu et al. (2002) using this technique. This G0V star was originally chosen for AO observations because it showed unambiguous evidence for the existence of a distant companion with substellar minimum mass: an ≈ -24 m/s/yr acceleration over a 14 year baseline. HR7672B is currently the only directly imaged L,T,Y-dwarf known to produce an RV trend around a solar-type star.
In this paper, we present an updated RV time series that shows significant orbital motion of the companion since the epoch of the direct imaging discovery. We have also obtained a new astrometric measurement with NIRC2 at Keck. Combining our observations with astrometry from the literature, and performing a joint-fit analysis to the full data set, we construct a three-dimensional orbit and calculate the dynamical mass of HR7672B with a fractional error of only 4% using Newtonian dynamics (95% confidence level). By explicitly connecting the mass of a brown dwarf to its radiative properties, the results may be used to inform both theoretical evolutionary models and synthetic spectral models. This study is afforded by an equally detailed characterization of HR7672A, for which we have modeled its high resolution spectrum to determine its surface gravity and metallicity, acquired a spectral energy distribution (SED) to determine its luminosity, and measured its radius directly using interferometry.
OBSERVATIONS

Doppler Measurements
HR7672 was initially observed with the 0.6m Coude Auxiliary Telescope (CAT) at Lick Observatory on September 9, 1987 UT. Several years of observations using the CAT as well as the Lick 3m (Hamilton) -both of which feed the Coude echelle spectrograph -revealed the star to have a linear RV trend (Cumming et al. 1999) . We also began Doppler monitoring of this star at Keck on June 2, 1997 UT using the HIgh-Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994) . For each instrument, we used the iodine cell referencing method to measure precise RVs (Marcy and Butler 1992; Butler et al. 1996) . Both data sets showed a consistent longterm acceleration. When Liu et al. (2002) targeted this star with AO, finding that indeed a low-mass companion with a wide orbit was responsible for the trend, there was very little, if any, perceptible change in the acceleration.
We have continued to monitor HR7672 at both Lick and Keck Observatories and have now established a 24 year time baseline. Our most recent RV data reveal significant curvature, making it possible to place tight constraints on the companion orbit. When combined with astrometry, this information is sufficient to converge to a unique orbital solution and companion mass, despite having coverage over a fraction of a single orbit cycle, because the signal-to-noise ratio in both data sets is high.
Astrometry from High-Contrast Imaging
HR7672B has been imaged several times since its discovery. In July 2002, Boccaletti et al. (2003) detected the companion with PHARO (Hayward et al. 2001) at Palomar in each of the J, H, K s bands to obtain color information and validate the spectral-type assigned by Liu et al. (2002) from K-band spectroscopy. In September 2006, Serabyn et al. (2009) observed HR7672B at Palomar to demonstrate the feasibility of new coronagraphic technologies and the use of "extreme" AO. Both studies reported astrometric measurements of the position of HR7672B relative to the primary. We have also retrieved VLT We obtained additional images of HR7672B on May 15, 2011 using the Keck AO system with NIRC2. Given the large flux ratio between the primary and companion, we used the 300 mas diameter coronagraphic occulting spot to permit relatively long exposures without saturating the detector. The spot is partially transmissive and thus allows us to accurately measure the companion separation and position angle. Our initial data set consisted of 20 frames recorded using the narrow camera in position-angle mode (15 with the K ′ filter and 5 with the H filter). Although difficult to identify in a single exposure without prior knowledge of its approximate location, the majority of our raw frames did reveal the companion (Fig. 1) .
To further isolate the signal of HR7672 B from residual scattered starlight, we also obtained a 30 frame sequence with the K ′ filter using the angular differential imaging (ADI) technique (Marois et al. 2006) . The parallactic angle changed by 12.7
• during this second sequence of images, providing sufficient angular diversity to remove the speckles and keep light from the companion (Lafrenière et al. 2007) . Fig. 1 displays our high-contrast images before and after speckle suppression.
We measured the position of HR7672B relative to the primary star in each data set (K ′ without ADI, H without ADI, and K ′ with ADI). The companion and stellar PSF core were fitted with a Gaussian function using least-squares iteration to find the astrometric centroid position in each processed frame. We correct for differential geometric distortion (warping) using the publicly available code provided by the Keck NIRC2 astrometry support webpage. Adopting a plate scale value of 9.963 ± 0.006 mas pix −1 and instrument orientation relative to the sky of 0.13
• ±0.02 east of north, as measured by Ghez et al. (2008) , we find a companion separation and position angle of 519 ± 6 mas and 147.1 ± 0.5 • respectively.
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HR7672B orbits in a clock-wise direction and is now significantly closer to its host star compared to the discovery epoch.
To estimate the uncertainty in our measurements, we calculate the standard deviation in the position resulting from each data set. We include a characteristic 5 mas error to account for astrometric bias introduced by the coronagraphic spot (Konopacky 2011, private communication) . This error is added in quadrature with the uncertainty from the plate scale and instrument orientation. The results were combined using a weighted average to determine the final uncertainties. We find that the measurements from each data set are consistent with one another to within the (1σ) error bars. Simulated companions were injected into the images and their positions recovered to validate our results. Table 1 lists the separation and position angles used for our three-dimensional orbit analysis. 
Physical Properties of the Host Star
The mass of the companion is tied to the mass of the primary star through the RV semiamplitude and Kepler's equation. Astrometry determines the system total mass, and Doppler measurements can break the degeneracy between the system total mass and individual masses. However, we only have precise Doppler information for HR7672A, since the companion is significantly fainter than the primary. It is therefore important to reliably determine the mass of the host star independent of dynamical considerations.
Fortunately, HR7672A is a nearby (d = 17.77 ± 0.11 pc) solar-type (G0V) star, making it possible to: (i) measure its radius directly using interferometry; and (ii) determine its surface gravity from high resolution spectra using models that are well-calibrated from observations of the Sun. We have spatially resolved the surface of HR7672A using the Georgia State University Center for High Angular Resolution astronomy Array (CHARA) (ten Brummelaar et al. 2005) . We have also obtained non-iodine (template) spectra of HR7672A for which to model.
In the following, we calculate the mass of HR7672A using an iterative version of the Spectroscopy Made Easy (SME) spectral modeling routine (Valenti and Fischer 2005) , along with Yonsei-Yale isochrones (Demarque et al. 2004 ). The models self-consistently incorporate the highresolution stellar spectrum measured with HIRES, direct stellar radius measured with CHARA, and stellar luminosity determined from a SED. Results for the physical properties of HR7672A, including its radius, luminosity, effective temperature, metallicity, mass, and age are shown in Table 2 . Our mass estimate is confirmed using a separate analysis that is model independent and relies only upon the empirical mass-radius relations from Torres et al. (2010) . Our observing strategy is analogous to that employed in von Braun et al. (2011a) and von Braun et al. (2011b) . We briefly repeat the principle components below. Our interferometric measurements include the common technique of taking bracketed sequences of the object with calibrator stars to characterize and eliminate effects from temporal variations of the atmosphere, telescope, and instrument upon our calculation of interferometric visibilities. We alternate between two nearby calibrators, HD187923 and HD192425, during the observations to minimize systematic errors.
Stellar Diameter from Interferometry
The uniform disk, θ UD , and limb-darkening corrected, θ LD , diameters 4 are found by fitting our calibrated visibility measurements to the respective functions for each relation. Specifically, we use a linear combination of Bessel functions (Hanbury Brown et al. 1974 ; Boyajian et al. 2009). Limb darkening coefficients were taken from Claret (2000) . The data and fit for θ LD are shown in Fig. 2 . The key to understanding the uniqueness of the solution is to recognize that the visibility must approach unity as the baseline approaches zero, and that degeneracies in the slope are broken by the absolute visibility value (as opposed to relative value) for a given baseline, so long as the location along the visibility curve is not mistaken for side-lobes in the Bessel function (which effectively corresponds to knowing the distance and luminosity class of the star). Our interferometric measurements yield uniform disk and limb-darkening corrected angular diameters of θ UD = 0.567 ± 0.010 mas and θ LD = 0.584 ± 0.010 mas respectively. Combined with the Hipparcos trigonometric parallax value of π = 56.28 ± 0.35 mas (van Leeuwen 2007), we calculate the linear radius of HR7672A to be R = 1.115 ± 0.021R ⊙ (Table 2) . -Comparison between a HIRES spectrum (black) and our best-fit SME model (maroon). We use these results along with Yonsei-Yale isochrones to derive the physical properties of HR7672A, selfconsistently taking into account independent measurements of the stellar radius from interferometry and luminosity from an SED.
Stellar Luminosity and Effective Temperature
Following the procedure outlined in van Belle et al. (2007), we produce a fit to HR7672's SED based on the spectral templates of Pickles (1998) to literature photometry published in the references shown in Table 7 . A G0V spectral-type provides the best fitting template. Interstellar extinction is a free parameter in the fitting process and is calculated to be A V = 0.077 ± 0.017 mag. The SED fit for HR7672 along with its residuals are shown in Fig. 3 . We calculate HR7672's stellar bolometric flux to be F BOL = (1.360 ± 0.028) × 10 −7 erg cm −2 s −1 , and its luminosity to be L = 1.338 ± 0.032L ⊙ . Using a rewritten version of the Stefan-Boltzmann Law,
where F BOL is in units of 10 −8 erg cm −2 s −1 and θ LD is in units of mas, we find HR7672 has an effective temperature of T eff = 5883 ± 59 K.
Stellar Surface Gravity, Metallicity, Mass and Age
Informed by the above results, we use high resolution spectroscopy, spectral modeling, and stellar isochrones to determine the remaining physical properties of the host star. A template spectrum of HR7672 was obtained with Keck/HIRES (λ/∆λ = 55, 000) on Sept. 8, 2008. The iodine gas cell was removed from the optical path to isolate the absorption lines of the star. With an integration time of 17 seconds, we achieved a signal to noise ratio of 280 per pixel at 550 nm.
We analyzed the stellar spectrum using the LTE spectral synthesis code Spectroscopy Made Easy (SME) described in Valenti and Fischer (2005) . Recent versions of SME include an iterative scheme that ensures consistency between the surface gravity derived from synthetic spectra and evolutionary models (Valenti et al. 2009 ). The stellar spectrum is fit using an initial guess for the surface gravity while the effective temperature, metallicity, macroscopic turbulence, and projected rotational velocity are varied to minimize residuals. With each iteration, results are compared to Yonsei-Yale isochrones (Demarque et al. 2004) . Model grids are interpolated to yield an estimate for the stellar mass, radius, age, and composition (see Fig. 1 of Valenti et al. 2009 ). The spectral fitting procedure is repeated using the new (isochronal) surface gravity estimate in the following iteration until the procedure convergesi.e., until the surface gravities agree.
In the case of HR 7672, we fit the stellar spectrum by holding T ef f fixed, setting it equal to discrete values within the allowable range derived from the Stefan-Boltzmann relation (see §2.3.2). Specifically, we analyzed the results for three separate cases: T ef f = T 0 , T ef f = T 0 + ∆T , and T ef f = T 0 − ∆T , where T 0 = 5883 K and ∆T = 59 K ( §2.3.2). The remaining parameters were varied as usual.
5 We find that the T ef f = T 0 + ∆T case provides the best fit to the HIRES spectrum. It is also the only solution for which the luminosity and radius match the directly measured values to within 1σ (the other cases are consistent to within 2σ).
With this technique, we find a stellar surface gravity, log g = 4.42 ± 0.06cm/s 2 , metallicity,
[Fe/H] = 0.05 ± 0.07, mass, M * = 1.08 ± 0.04M ⊙ , and age, t age = 2.5 ± 1.8 Gyr. Fig. 4 shows a comparison between the HIRES spectrum and our best synthetic model. HR7672's physical properties are listed in (Tab. 2). Uncertainty in the stellar mass includes propagation of errors from the uncertainty in T ef f . We adopt this stellar mass for all dynamical calculations. To further validate our estimate of the host star mass, we use a separate technique that is independent of theoretical spectral and evolutionary models. Torres et al. (2010) have compiled results for dozens of eclipsing binary stars and have constructed a polynomial that relates their measured masses and radii empirically. Using this relation along with the other parameters of HR7672A listed in Table 2 , we find that HR7672A has a mass of M * = 1.10 ± 0.04M ⊙ . This result is in agreement with our analysis based on SME and Yonsei-Yale isochrones. Further, the Torres et al. (2010) relations contain a known bias that systematically over-estimates near-solar (M * ≈ 1.0M ⊙ ) stellar masses by as much as ≈ 5%. Taking this into account indicates that our above result of M * = 1.08 ± 0.04M ⊙ is accurate. Finally, we note that our age calculation affirms the original 1-3 Gyr estimate from Liu et al. (2002) , which is based on an independent analysis using six different diagnostics, including: comparison of absolute visual magnitude to the location of the mainsequence, rotation period, X-ray emission, Ca II H+K emission, kinematics, and lithium absorption.
JOINT-FIT ORBITAL ANALYSIS
We use Bayesian inference and Markov Chain Monte Carlo (MCMC) simulations to calculate the companion true mass, all six orbital elements, and their uncertainties. The RV and astrometry data are simultaneously fit with a Keplerian orbit. Stellar RV variations, V m (t i ), are modeled according to:
where,
is the RV semi-amplitude, ω is the argument of periastron, f (t j ) is the true anomaly at epoch t j , e is the eccentricity, i is the inclination, P is the orbital period, M * is the mass of the star, and m is the mass of the companion. Astrometry operates in the orthogonal direction and relates the semimajor axis, a, to the orbital period and system mass through Kepler's equation,
such that the orbit corresponds to the skyprojected separation of the companion at a given epoch (see Equ. 5) and system parallax.
The following physical parameters are used as variables in the analysis: the companion period (P ), eccentricity (e), inclination (i), argument of periastron (ω), longitude of the ascending node (Ω), time of periastron passage (t p ), and true mass (m). Several nuisance parameters are also required, including differential RV offsets between HIRES and the Hamilton echelle at Lick, to account for the different instrument settings, as well as RV "jitter" to account for astrophysical noise and ensure that the data are weighted properly . RV jitter was added directly to the measurement uncertainties, which results in a reduced chi-squared statistic, χ 2 r , near unity. Given the long time baseline of the observations, a total of six different instrument offsets and seven different jitter terms were required (five from Lick and two from Keck; see Tab. 5). As expected, the measurement uncertainties decrease with time as well as the relative size of the required jitter, meaning that the RV precision and our ability to estimate the RV precision has improved significantly since September 1987.
We use the Metropolis-Hastings algorithm to efficiently explore the multi-dimensional parameter space. A likelihood function, L, self-consistently relates the data, model parameters, and prior information, to the posterior probability density distribution (Ford 2006; Johnson et al. 2011b ). The likelihood function used for calculations is given by: 
where ∆V (t j ) = V j − V m (t j ) represents the difference between the RV data and the Keplerian model RV at epoch t j ; ∆X(t k ) and ∆Y (t k ) represent the difference in the east and north position of the companion between the astrometric data and the Keplerian model astrometry at epoch t k respectively; σ i and σ X k , σ Y k are the individual RV and astrometric uncertainties; and s ℓ is the RV jitter for instrument setting ℓ (summation over the various instrument settings is implicit). We assume that both the RV and astrometric measurements follow Gaussian distributions. We randomly select one parameter per MCMC iteration to alter. Candidate transition probability functions follow a normal distribution with adjustable width and are centered on the most recently accepted parameter value. We do not change the transition function widths following the "burn-in" stage. The algorithm accounts for the covariance between ω and t p by taking steps in ω±f 0 , where f 0 is the true anomaly of the companion at the first RV observing epoch. This approach improves the MCMC acceptance rate and accelerates convergence (Ford 2006) . We use uniform priors for each parameter. The range of values is, however, truncated to reasonable limits. For example, we only consider companion masses in the range 20 ≤ m/M J ≤ 120. The eccentricity and other orbit parameters span the full range of possible values.
To identify the global minimum, we compare the results of multiple chains that explore the likelihood manifold starting from different initial states. Convergence is reached once the GelmanRubin statistical criterion is met (Gelman & Rubin 1992) . Specifically, we require that:
for each parameter z, whereS(z) is the mean of the variance of the MCMC chains, and M (z) is the variance of the mean of the MCMC chains (see Ford 2006 for details). Following convergence, the individual chains are combined (linked together) to create the final parameter distributions. We find that ≈ 10 8 iterations are required to provide a sufficiently dense sampling of the posterior distribution. Uncertainty in the distance to HR7672 is selfconsistently folded into the analysis by drawing random distance values from a normal distribution centered on the Hipparcos result for each MCMC iteration. The width of the distribution is set to match the measurement error. We account for uncertainty in the mass of the host star in the same way as the uncertainty in the distance, by drawing random stellar mass values from a normal distribution centered on the stellar mass estimate ( §2.3.3). The results are then combined with the MCMC chains in accordance with the above equations. This technique of incorporating uncertainty in the distance to HR7672 and the mass of the primary is robust because it preserves the covariance between orbital parameters captured by the MCMC calculations.
RESULTS
The RV and astrometry data used in combination with the distance measurement and stellar mass estimate allow the MCMC simulations to consistently converge for each parameter. Only a narrow range of orbital solutions exist that can satisfy the constraints imposed by both data sets simultaneously. Figures 5 and 6 display the final RV and astrometry data along with the best-fit model. The orbit well-matches the RV observations and also falls within the (1σ) uncertainty of each astrometric measurement. We find a reduced chi-square, χ r , value of χ 2 r = 0.96 per degree of freedom overall. Fig. 7 shows the RV residuals following subtraction of our best-fit model from the data.
The final MCMC distributions are shown in Fig. 8 and the physical properties of HR7672B are summarized in Table 3 . We find that HR7672B has a high eccentricity, e = 0.50 Boccaletti et al. (2003) .
much like the extrasolar planet Beta Pictoris b has evaded detection in the past (Fitzgerald et al. 2009; Lagrange et al. 2010) . We find that HR7672B has a mass of m = 68.7 +2.4 −3.1 M J and thus resides in an interesting regime that borders, but lies just beneath, the hydrogen-fusing limit (Fig. 9) . Only 9.9% of the distribution lies above the canonical value of ≈72M J often taken as the dividing line between brown dwarfs and stars (Chabrier et al. 2000) . We therefore conclude that HR7672B is a brown dwarf at 90.1% confidence (Fig. 11) , assuming the companion has the same near-solar metallicity as the primary, which we measure to be [Fe/H]= 0.05 ± 0.07 dex. Figure 9 shows the companion mass distribution before and after taking into account the uncertainty in parallax and stellar mass. Uncertainty in the companion mass is limited primarily by having only a partial orbit, motivating the need for continued Doppler and astrometric monitoring. Uncertainty in parallax is the second largest effect. Significant improvements in parallax over the current Hipparcos measurement will likely require dedicated observations from space. Uncertainty in the mass of the primary star is a comparatively small effect, since the companion mass depends weakly upon star mass with Doppler observations. For example, an error of ±0.13M ⊙ in the host star mass would be required to shift the companion mass exterior to its current 95.4% confidence interval. Covariance matrices between the six orbit parameters and companion mass are shown in Fig. 10 .
The final companion mass distribution is narrow compared to the range of possible masses resulting from spectrophotometry. For example, Liu et al. (2002) find that the companion has a mass between 55 − 78M J , using direct K-band spectroscopy, a number of age diagnostics, and the theoretical models of Burrows et al. (1997) and Chabrier et al. (2000) . Boccaletti et al. (2003) have obtained complementary photometry in the J, H bands to refine this estimate. Using the same age range of 1-3 Gyr from Liu et al. (2002) , they find that HR7672B has a mass between 58 − 71M J . Performing similar calculations with the Baraffe et al. (2003) evolutionary models, we find that HR7672B should have a mass in the 57 − 74M J range. The Baraffe et al. (2003) models are in excellent agreement with the more recent Saumon and Marley (2008) models for L-dwarfs older than several Myr. Thus, in each case our calculations using orbital dynamics are already more precise and accurate than estimates based on analyzing light received directly from the companion (Fig. 5) .
SUMMARY & DISCUSSION
We present the first three-dimensional orbit solution and mass determination for a directly imaged L-dwarf companion to a solar-type star. 2.5 ± 1.8 iterative SME Table 2 : The physical properties of HR7672A. We measure the stellar radius directly using CHARA interferometry. The luminosity is found by fitting a spectral energy distribution from photometry obtained over a broad wavelength range. The effective temperature derived from the Stefan-Boltzmann equation is held fixed as input to SME (sampled separately at T ef f = 5883 ± 59 K). Several SME iterations result in convergence of the stellar surface gravity (log g) between the spectral model and Yonsei-Yale isochrones. The final estimated mass, age, and radius are consistent with the measured stellar luminosity and radius to within 1σ. Our derived stellar mass is also consistent with the model-independent empirical relations of Torres et al. (2010) . Our derived stellar age is consistent with the six different age diagnostics of Liu et al. (2002) . HR7672A is a G0V star and thus a convenient calibrator. Its physical properties may be used to infer those of HR7672B, such as metal content and age. Table 3 : Companion dynamical mass and three-dimensional orbit parameters resulting from our MCMC analysis. Both 68.2% and 95.4% confidence intervals (CI) are listed. HR7672B is a benchmark brown dwarf with high eccentricity.
HR7672A
HR7672 is a unique benchmark system because: (i) the primary is a G0V star amenable to ultraprecise Doppler measurements; (ii) the metallicity of the primary is reliably determined from spectroscopy; (iii) the mass and age of the primary are well-constrained; and (iv) the parallax has been measured with a fractional error of only 1.2%.
We have monitored HR7672 with precise RV measurements for 24 years, covering 33% of an orbital cycle. The observational cadence is high compared to other trend stars because this system was also a target of the NASA-UC η-Earth program (Howard et al. 2010) , which began conveniently around the same time as the Doppler signal started to show curvature. We have also obtained a recent high-contrast image of the system with NIRC2 at Keck, significantly increasing the astrometric time baseline by extending the sky-projected orbital coverage to 13% of a full cycle. Both data sets have a high (≈100) signal-tonoise ratio and exhibit substantial orbital motion. We have performed a joint Doppler-astrometric The contours indicate iso-probability levels corresponding to 68.2% (red), 95.4% (light blue), and 99.7% (dark blue) respectively, prior to accounting for uncertainty in the system parallax and star mass. A black circle denotes the best-fit values. The companion mass is strongly covariant with the orbital period and argument of periastron (and likewise time of periastron passage).
MCMC analysis to compute the companion orbital elements, true mass, and their uncertainties.
We find that HR7672B has a near edge-on, i = 97.3 −0.5 AU. Presently accelerating on its path back towards the primary star, both from the perspective of the Earth and from the perspective of HR7672A, this companion will gradually becoming more difficult to image directly. We predict that HR7672B will reach periastron in the year 2014 just prior to disappearing behind HR7672A. This companion does not yet have JH spectra. We recommend that high-contrast imaging programs employing integral-field spectrographs observe this target as soon as possible, while the components are reasonably well separated.
The mass of HR7672B is 68.7
+2.4 −3.1 M J . This L4.5 ± 1.5-dwarf therefore resides near the stellar/substellar boundary, though is likely a brown dwarf if not a transition object: 90.1% of the mass probability distribution falls below the 72M J dividing line. Our dynamical measurement is more accurate and precise than that obtained previously from spectrophotometry and the use of theoretical models. With a fractional error of only 4%, it is comparable to the results for transiting brown dwarfs (Stassun et al. 2006; Johnson et al. 2011a) . Uncertainty in the mass will decrease further as additional RV and astrometric measurements are obtained.
These observations provide a mass determination that is completely independent of the companion spectrum, colors, and luminosity (see Appendix A for an estimate of the companion bolometric luminosity). Presently, few benchmark systems have dynamical mass measurements and provide such comprehensive information. For instance, GD165B has been wellcharacterized with optical and near-infrared spec- The canonical boundary at 72M J separating stars from brown dwarfs is labeled for reference. HR7672B is a brown dwarf at 90.1% confidence. Results from orbital dynamics are more accurate and precise than estimates based on spectrophotometry.
troscopy, but its age is uncertain because it orbits a white dwarf (Kirkpatrick et al. 1999a; Jones et al. 1994 ). HD203030B has also been studied across a wide bandpass, conveniently orbits a G8V star, and has a narrow age range (130-400 Myr), but its projected separation is 487 AU, thus prohibiting a dynamical mass (Metchev and Hillenbrand 2006) . Likewise, HD3651B and HD114762B orbit solar-type stars but their projected separations are 480 AU and 128 AU respectively (Liu et al. 2007; Bowler et al. 2009 ). Many other dynamical measurements have targeted companions to M-stars, thus helping to circumvent issues with contrast (Zapatero Osorio et al. 2004; Ireland et al. 2008; Dupuy et al. 2009b; Konopacky et al. 2010 ), but M-star metallicities are notoriously difficult to determine (Johnson and Apps 2009) . Low-mass companions to solar-type stars have also been studied using Doppler measurements in combination with HST astrometry (Benedict et al. 2010) and Hipparcos intermediate astrometry (Sahlmann et al. 2011 ), but indirect observations preclude a comparison between spectral models and dynamical mass measurements by definition. One comparable system, HD 130948BC, consists of a double brown dwarf orbiting a G2V primary. Although RVs have not been obtained for the pair, which are nominally separated by ≈100 mas, a near-unity luminosity ratio permits a precise individual mass determination (Dupuy et al. 2009a; Konopacky et al. 2010) . We conclude that HR7672B is thus a rare and precious mass, age, and metallicity benchmark brown dwarf companion that may be used to explicitly calibrate theoretical evolutionary models and synthetic spectral models by anchoring input parameters to measured values.
Detailed substellar companion characterization studies are particularly relevant now that the first extrasolar planet spectra are securely in hand (Bowler et al. 2010; Barman et al. 2011b,a) . As the next generation of high-contrast imaging instruments come online (e.g., Hinkley et al. 2011) , and more cold bodies orbiting nearby stars are discovered, HR7672B will serve as a helpful guide for the development of more sophisticated theoretical models by providing a link between our understanding of stars and planets.
APPENDIX A: THE LUMINOSITY OF HR7672B
We can estimate the luminosity of HR7672B using its apparent magnitude and parallax by applying a near-infrared bolometric correction derived from M, L, T field dwarfs. The apparent magnitudes of HR7672B are measured to be m J ≈ 14.39±0.20, m H = 14.04±0.14, and m Ks = 13.04 ± 0.10 (Boccaletti et al. 2003) . Of these, the K-band magnitude is regarded as most reliable, given the contrast ratio between the companion and host star. We recalculate the absolute magnitude from Boccaletti et al. (2003) , owing to the revised Hipparcos parallax since the time of publication, finding M Ks = 11.79±0.10. Liu et al. (2002) arrive at a similar answer of M Ks = 11.8 ± 0.1 using relations between spectral type and absolute magnitudes from Kirkpatrick et al. (2000) .
To calculate a bolometric magnitude, we next derive an estimate for the bolometric correction using the empirical relations from Golimowski et al. (2004) . Correcting for the expected change in magnitude between the K s filter and K filter, which results in an ≈ 0.11 mag increase in brightness (i.e., Rudy et al. (1996) ), and using a spectral-type of L4.5, we find BC K = 3.35 ± 0.13, where the uncertainty is given by the rms scatter in the polynomial fit. The bolometric magnitude is thus
Using the Sun as a reference with M BOL,⊙ = 4.74, we find the luminosity of HR7672B is equal to L = (7.5 ± 1.6) × 10 −5 L ⊙ . With an age of t age = 2.5 ± 1.8 Gyr, this result appears to be consistent with theoretical cooling models (Burrows et al. 1997) . Applying the Stefan-Boltzmann equation, we estimate the radius to be R ≈ 1.0 ± 0.4R J assuming an effective temperature in the middle of the 1510−1850 K range found by Liu et al. (2002) .
APPENDIX B: THE SPIN AXIS OF HR7672A
We can also estimate the inclination of the primary star rotation axis. Modeling of HR7672A's spectrum yields a projected rotational velocity of V sini = 2.1 ± 0.7 km/s. Using our measurement of log R ′ HK = −4.854 ± 0.025 for the chromospheric Ca II H and K emission, we employ the Noyes et al. (1984) empirical relations to estimate the rotational period, P rot . With B − V = 0.61 and a convective turnover time of log(τ /days) = 0.99 ± 0.06, we find P rot = 17.5 ± 2.3 days, assuming a mixing length to scale height ratio of 1.9 (see Wright et al. 2004 , Noyes et al. 1984 , and references therein for details). Combining this result with our direct radius measurement ( §2.3.1), we find that the inclination of the stellar rotation axis is i rot = 39
• ± 16
• , where i rot = 0 corresponds to a pole-on orientation. Thus, the spin axis of HR7672A and the orbit of HR7672B are not aligned.
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